Humans and other animals with Lyme borreliosis produce antibodies to a number of components of the agent Borrelia burgdorferi, but a full accounting of the immunogens during natural infections has not been achieved. Employing a protein array produced in vitro from 1,292 DNA fragments representing ϳ80% of the genome, we compared the antibody reactivities of sera from patients with early or later Lyme borreliosis to the antibody reactivities of sera from controls. Overall, ϳ15% of the open reading frame (ORF) products ( Infectious disease research has advanced rapidly with the accumulation of whole-genome sequences of pathogens and the subsequent use of genome-wide DNA microarrays to study gene expression. Equipped with arrays in different formats, investigators have identified different genes in a variety of pathogens that are more highly expressed in host animals or under in vitro conditions mimicking the in vivo environment. With few exceptions (27), these array studies have been performed with experimental animals, usually rodents, and in laboratory settings. Less is known about the proteins that are expressed during natural infections of humans or other host animals. Detection of a specific antibody during the course of infection is indirect evidence of in vivo expression by the pathogen. But the use of this approach to study large numbers of proteins has been largely limited to one-dimensional and two-dimensional gel electrophoresis of whole cells having an in vitro origin, followed by identification of the more abundant antigens by partial amino acid sequencing of reactive bands or spots and then searches of the databases (22, 23, 38, 44, 52, 60, 66 ).
Infectious disease research has advanced rapidly with the accumulation of whole-genome sequences of pathogens and the subsequent use of genome-wide DNA microarrays to study gene expression. Equipped with arrays in different formats, investigators have identified different genes in a variety of pathogens that are more highly expressed in host animals or under in vitro conditions mimicking the in vivo environment. With few exceptions (27) , these array studies have been performed with experimental animals, usually rodents, and in laboratory settings. Less is known about the proteins that are expressed during natural infections of humans or other host animals. Detection of a specific antibody during the course of infection is indirect evidence of in vivo expression by the pathogen. But the use of this approach to study large numbers of proteins has been largely limited to one-dimensional and two-dimensional gel electrophoresis of whole cells having an in vitro origin, followed by identification of the more abundant antigens by partial amino acid sequencing of reactive bands or spots and then searches of the databases (22, 23, 38, 44, 52, 60, 66 ).
An alternative to using the pathogen itself as the source of the proteins is to produce recombinant polypeptides based on the deduced open reading frames (ORFs) of the pathogen's genome and to determine whether these polypeptides are antibody targets (11, 61) . A potential shortcoming of using this approach with cells, such as Escherichia coli or yeast (Saccharomyces cerevisiae) cells, is that some foreign proteins may not be expressed or the quantity may be insufficient. Felgner and coinvestigators increased the success rate for expression and decreased the cost with a high-throughput, cell-free, coupled transcription-translation system (26, 29, 30) . Hundreds to thousands of individual recombinant proteins are printed on chips, which are then used to capture antibodies present in serum from infected individuals and other animals. The amount of captured antibody is quantified using a labeled secondary antibody. Whole-proteome microarrays have been employed in studies of experimental Francisella tularensis infections in laboratory mice (35, 57) and of immune responses of humans to immunization with live vaccinia virus (26, 29, 31) . McKevitt et al. (61) and Brinkmann et al. (11) used the enzyme-linked immunosorbent assay (ELISA) format to study the binding of antibodies of experimentally infected rabbits and people with syphilis to a nearly complete representation of the ORF products (Orfs) of Treponema pallidum. Arrays of proteins produced in vitro were also used to characterize antibody responses of humans with tularemia (87) or with Plasmodium falciparum malaria (86) , but limited sets of selected Orfs were used.
Here, we used a genome-wide proteome to characterize antibodies of humans and wild white-footed mice (Peromyscus leucopus) naturally infected with the Lyme borreliosis (LB) agent, Borrelia burgdorferi. LB is the most frequent tick-borne disease in the northern hemisphere, and its incidence continues to increase in the United States (for a review, see reference 83) . A major reservoir for B. burgdorferi in the United States is the white-footed mouse; in some areas nearly all mice become infected during the spring and summer (18, 90) . In humans, the first manifestations of B. burgdorferi infection, typically a solitary rash called erythema migrans, may be followed by manifestations of disseminated infection. These manifestations most commonly involve the joints, heart, or nervous system, as well as skin locations that are distant from the original rash. Dissemination to organs or tissues often requires more intense or longer antibiotic treatment and may be associated with a protracted convalescence in some patients. In a small percentage of patients, pauciarticular arthritis ("Lyme arthritis"), a late manifestation of B. burgdorferi infection, persists for months or even several years after antibiotic therapy (82) . A commercial vaccine against Lyme disease was available for a few years but was withdrawn from the market (64) .
A clinical diagnosis of LB built upon observation of the characteristic skin rash and elicitation of consistent epidemiologic features (e.g., exposure to ticks in an area where the organism is endemic during the season of transmission) has high predictive value (83) . But in the absence of a telltale skin rash early in infection or when disseminated forms are suspected, confirmation of suspected LB has largely depended on whole-cell-based serologic tests using an ELISA or Western blot format rather than direct detection or isolation of an etiologic agent (1, 14) . According to the most commonly used criterion (33) , Western blot positivity for immunoglobulin G (IgG) antibodies calls for at least 5 bands out of a list of 10 bands. Some of the antigens with informative value in B. burgdorferi lysates have been identified with certain gene products, but most of these antigens remain known only from their migrations in gels.
Our intent was to use a recombinant proteome representing most of the genome of B. burgdorferi to obtain an accounting of the targets of antibodies that is more comprehensive than the accounting which has been feasible up to now for this pathogen in natural infections. We applied an array to analysis of sera from humans with LB and white-footed mice with the aims of discovering new antigens and, by indirect means, identifying proteins that are expressed in vivo. To these ends, we designed experiments to obtain information about all the proteins that were immunogenic, i.e., all the proteins that detectably elicited antibodies. We believed that the results would also provide insights about proteins that were not demonstrably immunogenic. One possible outcome of the experiment was a failure to identify any new immunogens of B. burgdorferi beyond those that have been identified piecemeal so far. But an equally plausible experimental outcome was finding that a majority of the Orfs of B. burgdorferi are immunogenic. The results were between these two extremes; several new antigens were identified, but these antigens belonged to a limited set of proteins that elicited antibody responses during infection. The large majority of Orfs were not detectably immunogenic in humans with different stages of LB and in rodent reservoirs of B. burgdorferi in an area where the organism is endemic.
MATERIALS AND METHODS
Bacterial strain, genome sequences, and primer design. Strain B31 of B. burgdorferi had undergone three passages since its isolation by one of us (6, 19) . This organism was cultivated in BSK II broth medium (6) . A high-passage isolate of strain B31 had been cloned by limiting dilution and had been serially passed in culture medium at least 50 times. Whole-genome DNA was extracted from the low-passage isolate as described previously (62) . Primers were based on the sequences and annotations of the chromosome and 21 plasmids of strain B31 (accession numbers NC_001318, NC_000948 to NC_000957, NC_001903, NC_001904, and NC_001849 to NC_001857) (http://www.blackwellpublishing .com/products/journals/suppmat/mole/casjens.htm) (21, 39) . Forward and reverse primers were 20 nucleotides long and were complementary to the 5Ј and 3Ј ends of each ORF; peripherally they also included 33 nucleotide adapter sequences specific for plasmid pXT7 for recombination cloning, as described previously (29) . The forward and reverse primers are described at the http: //contact14.ics.uci.edu/virus/borrelia_index.php website. We also included the type K OspC protein gene of strain 297, in addition to the type A OspC gene of B31 (12, 15) . To name ORFs, we used the designations assigned to strain B31's genome (21, 39); "BB" followed by a four digit number (e.g., BB0279) indicates a chromosome ORF, while "BB" followed by a third letter and a two-digit number (e.g., BBA25) indicates a linear or circular plasmid ORF, and each replicon is assigned a separate letter (e.g., "A" for linear plasmid lp54 or "B" for circular plasmid cp26). As needed, we supplemented genome ORF designations with names in common use or when polypeptide identity has been inferred from homology to proteins with known functions. The predictions of lipoproteins are those of Casjens et al. (http://www.blackwellpublishing.com/products/journals /suppmat/mole/casjens.htm-iii).
Array production. PCR amplification, cloning of amplicons into the plasmid vector, and then transformation of E. coli DH5␣ were carried out as described previously (29, 86) . Of the 1,640 ORFs that were identified in the B. burgdorferi strain B31 genome (21, 39), 1,513 (861 chromosomal genes and 652 plasmid genes) were subjected to PCR with the specific primers. The remaining 127 ORFs had sequences that were so similar to the sequence of at least one other ORF that PCR primers would not distinguish between them. Of the 861 chromosomal ORFs that we attempted to amplify, 783 (91%) produced a product that was the correct size when PCR was performed, and 756 (88%) were successfully cloned into the vector. Of the 652 plasmid ORFs, 572 (88%) were amplified, and 536 (82%) were cloned into the plasmid vector. A sample consisting of 7% of 1,292 clones from strain B31 was randomly selected for sequencing, and the insert was confirmed in all cases. The coefficient of determination (R 2 ) between the sizes of the ORFs and cloning success was only 0.05 . The  following 26 plasmid ORFs were randomly selected to be replicated on the array:  BBA03, BBA04, BBA14, BBA25, BBA52, BBA59, BBA62, BBA69, BBB07,  BBB19, BBC06, BBJ50, BBK50, BBL28, BBL39, BBM38, BBN37, BBO40,  BBP28, BBQ35, BBQ60, BBQ80, BBR28, BBR42 , BBS30, and BBT07. As a negative control, the arrays also contained 14 pairs of spots with the E. coli coupled transcription-translation reaction mixture without plasmid DNA.
Plasmid DNA was extracted and isolated using QIAprep spin kits (Qiagen). In vitro coupled transcription-translation reactions were performed with RTS 100 E. coli HY kits (Roche) in 0.2-ml tubes that were incubated for 5 h at 30°C. The presence of the polyhistidine tag at the N terminus of the recombinant protein and the presence of the influenza A hemagglutinin at the protein's C terminus were detected with monoclonal antibodies His-1 (Sigma) and 3F10 (Roche), respectively, and confirmed expression in the in vitro reactions. Products of transcription-translation reactions were printed in duplicate on nitrocellulosecoated glass slides (FAST; Whatman) using an Omni Grid 100 apparatus (Genomic Solutions).
Protein purification. Plasmid DNA was extracted from selected clones and transformed in E. coli BL21 Star(DE3)/pLysS cells as described by the manufacturer (Invitrogen). The resultant transformants were cultivated in Terrific broth (Bio 101 Systems) to stationary phase and, after harvesting by centrifugation, were lysed with BugBuster buffer (Novagen). The lysate was applied to a 5-ml HiTrap chelating HP affinity column (GE Healthcare). After the column was washed, bound proteins were eluted with an imidazole step gradient using an Amersham Biosciences Á KTA fast protein liquid chromatography system operated with UNICORN 5.01 software. The average amount recovered from a 1.0-liter culture was 1 to 3 mg of protein with a purity of 80 to 90%, as estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Recovered proteins were printed on array slides, as described above, or subjected to polyacryl-amide gel electrophoresis with a 4 to 15% acrylamide gradient and then transferred to nitrocellulose membranes for Western blot analysis (20) . For printing on the array, the protein concentrations were 0.03, 0.1, 0.3, and 0.9 mg/ml. Serum samples. All serum samples were originally collected for other studies for which informed consent had been obtained; patient identifier information had been removed. Serum panel 1 included samples from 48 adults collected between 1990 and 1994, including 24 patients with erythema migrans (early infection), 19 patients with dissemination to other organs or other evidence of persistent infection (later infection), and 5 healthy controls from a region where the organism is not endemic. These samples were provided by the Centers for Disease Control and Prevention, Fort Collins, CO, which had performed flagellin-based ELISA and IgG and IgM Western blot assays, as described previously (17, 50) . Panel 1 also included sera from 13 healthy adult volunteers residing in California.
Serum panel 2 included serum specimens from 20 healthy adult control subjects, 20 adult patients with culture-positive erythema migrans (early infection), and 20 individuals with persistent LB with oliogoarticular arthritis (later infection). All 40 patients with Lyme disease met the criteria of the Centers for Disease Control and Prevention for diagnosis of Lyme disease (95) . The 20 patients with erythema migrans were a random sample of 93 patients, seen in a study of early LB, from whom B. burgdorferi was cultured from erythema migrans skin lesions (84, 93) . Only convalescent samples, which were obtained at the conclusion of 3 to 4 weeks of antibiotic therapy, were tested for these patients, because seropositivity is more frequent during convalescence than during acute infection. The 20 patients with Lyme arthritis were seen in 2006 and early 2007 in a study of immunity to Lyme arthritis (82) . For 10 of the 20 patients with Lyme arthritis there was resolution of arthritis with antibiotic therapy (antibioticresponsive arthritis), and for 10 there was not resolution (antibiotic-refractory arthritis). The samples were obtained when the patients had active arthritis. All serum samples had been kept frozen at Ϫ80°C until use.
Sera from 10 white-footed mice (P. leucopus), which had been captured and then released after blood samples had been obtained at a field site in Connecticut under an approved animal use protocol, were seropositive as determined by a whole-cell ELISA and a Western blot assay, as described previously (18) . These sera were compared with sera from four adult laboratory-reared P. leucopus mice that were obtained from the Peromyscus Stock Center, University of South Carolina, and were seronegative as determined by the same assays.
Mouse immunization. Female, 4-week-old BALB/c mice (Jackson) were inoculated intraperitoneally with 10 g purified protein in phosphate-buffered saline (PBS) or PBS alone emulsified with Freund's complete adjuvant and were boosted twice at 2-week intervals with the antigen solution or PBS alone in incomplete Freund's adjuvant. Plasma samples were collected before each immunization and after the final boost using the Microvette CB 300 system for capillary blood collection (Sarstedt).
Antibody reactions and assays. For experiments with arrays, human sera were diluted 1:200 in protein array blocking buffer (Whatman) that was supplemented with a lysate of E. coli at a final protein concentration 5 mg/ml and then were incubated at room temperature for 30 min with constant mixing (29) . The arrays were rehydrated in blocking buffer for 30 min, incubated with the pretreated sera for 12 h at 4°C with constant agitation, washed in 10 mM Tris (pH 8.0)-150 mM NaCl containing 0.05% Tween 20 buffer, and then incubated with biotin-conjugated goat anti-human IgG (Fc-␥ fragment-specific) serum (Jackson ImmunoResearch) that was diluted 1:200 in blocking buffer. After the array slides were washed in 10 mM Tris (pH 8.0)-150 mM NaCl, bound antibodies were detected with streptavidin conjugated with the dye PBXL-3 (Martek). The washed and air-dried slides were scanned with a Perkin Elmer ScanArray Express HT apparatus at a wavelength of 670 nm and with an output of RGB format TIFF files that were quantitated using ProScanArray Express software (PerkinElmer) with correction for spot-specific background. When P. leucopus serum was used, it was diluted 1:200 in protein blocking buffer, and alkaline phosphatase-labeled goat anti-P. leucopus IgG antiserum (Kirkegaard and Perry) was used as the secondary antibody. Bound antibodies were detected using one-step nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (BCIP) (Pierce). Arrays were scanned at 2,400 dpi (Hewlett-Packard ScanJet 8200 scanner), and after images were converted to gray scale format and inverted, they were quantitated as described above. Western blot analyses of whole lysates of B. burgdorferi using 10 g protein per lane or 250 ng purified protein per lane were carried out as described previously (10) . Nitrocellulose membranes were incubated with human or mouse serum at a dilution of 1:250, and bound antibodies were detected by incubation with alkaline phosphatase-labeled goat anti-human IgG antiserum or anti-mouse IgG antiserum (Jackson ImmunoResearch) at a dilution of 1:1,000. The murine monoclonal IgG antibodies to OspA (BBA15) and FlaB (BB0147) used were H5332 and H9724, respectively (9, 10).
Data analysis.
The raw values from array scans were the mean average intensities of all the pixels in a pair of printed spots for each Orf or negative control; these raw values were then log transformed. (A preliminary analysis showed that there was no difference in interpretation whether or not the mean value for DNA controls was subtracted from each raw value before log transformation, and, consequently, this additional step was not included.)
The following analyses were carried out. (i) The mean and standard deviation (SD) for each Orf with all control serum samples in each panel were determined. For each Orf and for each serum sample, the number of SDs above or below the mean for the control sera in the same serum panel for the Orf in question was determined. For each sample all the Orfs that had array spots with values that were Ն2 or Ն3 SDs above the mean for the negative controls in the experiment for the given Orf were tabulated and summed. The frequencies of each Orf that appeared in this cumulative list were then determined. (ii) Bayesian microarray expression analysis and discriminatory antigen selection were performed with software adapted from Cyber-T for protein arrays (4, 86, 87) . The correction of Hochberg and Benjamini was applied to control for false discoveries under the multiple test conditions (47) . (iii) Cluster analyses were performed and graphic displays of array results were generated using the MultiExperiment Viewer v 4.0 software available from The Institute for Genomic Research (78) . The Euclidian distance criterion with average linkage was used, and 1,000 bootstrap analyses with replacement iterations were carried out. (iv) Receiver operating characteristic curves were generated for selected sets of Orfs using the packages "e1071" and "ROCR" in the R statistical environment, available at the http://www .R-project.org website. (v) Standard asymptotic or exact statistical analyses of continuous data were carried out with the SYSTAT version 11 (SYSTAT Software, Inc.) software, the StatExact version 6 (Cytel Software Corporation) software, or Confidence Interval Analysis version 2.1.2 (2), available at the http://www.som.soton.ac.uk/cia website. Unless noted otherwise, significance tests were two sided. For means, differences, and odds ratios (OR), 95% confidence intervals are indicated below.
RESULTS
Proteome array and overall binding of antibodies. The array comprised in vitro products of 1,292 ORFs of strain B31 and an additional ospC allele from another strain for a total of 1,293 B. burgdorferi ORFs. In separate experiments array slides were incubated with samples of serum panels 1 and 2. A serum specimen from a patient with early LB in panel 1 was replicated in the same experiment. The Pearson and Spearman correlation coefficients were 0.94 and 0.87, respectively, for paired log-transformed raw intensity values; the mean log 10 difference between the replicates of this serum was only 0.07 (95% confidence interval, 0.06 to 0.08) for the total set of 1,293 ORFs. For the replicates of the 26 Orfs on the array, the Pearson and Spearman correlation coefficients were 0.84 and 0.84, respectively, for panel 1 and 0.81 and 0.83, respectively, for panel 2. The corresponding mean log 10 differences were 0.07 (95% confidence interval, 0.00 to 0.15) and 0.04 (95% confidence interval, Ϫ0.03 to 0.11) for the two panels.
The raw and log-transformed intensity values for each ORF and each panel 1 and 2 serum are shown in Tables S1 and S2 in the supplemental material, respectively. Figure 1 provides an overall summary of the data obtained by pairwise plotting of log-transformed values for each ORF for the three clinical groups of each serum panel (controls, early infection, and later infection). This figure includes the distributions for each group as a whole, as well as medians for the distributions and the results of a nonparametric analysis of the paired data. With infection and its advance, medians shifted slightly to the right in the distributions of average intensities per ORF by clinical group. More notable were the longer right-handed tails of the distributions, which are also reflected by the several outlying points in the scatter plots for patient sera versus controls and for late-infection sera versus early-infection sera. The two panels differed in whether early-infection sera could be distinguished from late-infection sera by a nonparametric statistic (Fig. 1) .
The analysis described above first averaged ORF values across clinical groups and then examined correlations for each of the 1,293 ORFs. If, instead, average ORF intensities by serum sample for all 1,293 ORFs were calculated first and then the averages by serum were compared by clinical stage, heterogeneity of the results for individual sera was observed as overlapping distributions for controls and patient groups. For the first serum panel the mean differences in raw intensity values between patient sera and controls were 42 (95% confidence interval, Ϫ135 to 218) for early infection and 157 (95% confidence interval, Ϫ3 to 318) for later infection; the corresponding differences from controls for panel 2 were Ϫ36 (95% confidence interval, Ϫ220 to 149) for early infection and 8 (95% confidence interval, Ϫ185 to 202) for patients with Lyme arthritis. Thus, the total amount of antibody binding to the array, which is analogous to a whole-cell assay, could not be used to assign sera to infection and control bins with confidence. More promising for this purpose was the smaller number of ORFs populating the long tail in the distributions and the "outliers" in the plots shown in Fig. 1 .
By using pairwise comparisons of all sera for individual ORFs we estimated that the upper of limit of the number of strain B31 Orfs that were informative as immunogens was ϳ200 of the 1,292 Orfs on the array (see the Appendix). To identify these immunogens, we used two complementary approaches. The first approach was based on an often-used criterion for setting a "cutoff" between interpretations of positive and negative for serological assays, namely, values that were Ն3 SDs above the average for control sera in the same run. Before using this approach, we first determined whether variances were out-of-proportion high when the mean values for control specimens increased. This would have been reflected in a significant increase in the coefficient of variation (CV) (i.e., SD divided by the mean) as the mean increased. For the 1,292 B31 Orfs and the panel 1 control sera, the mean CV was 0.115 (95% confidence interval, 0.113 to 0.117), and there was little correlation (R ϭ 0.06) between the mean and the CV over the range of means. Inasmuch as the SDs for the control sera were the same in both experiments (namely, 0.85 for the 18 control sera in panel 1 and 0.84 for the 20 control sera in panel 2), normalizing the data in units of SDs allowed us to combine the data sets for the two panels. Using a simulation procedure (see the Appendix), we found that for the combined set of the later LB panel 1 and 2 sera, ORF values that exceeded the cutoff at a frequency of 6 or more times, out of a possible 39, were unlikely by chance at a one-tailed level of confidence of 0.025.
The log-normalized data for later LB sera and controls of both panels were also examined using a Bayesian statistical procedure (4), using software originally developed for DNA microarray analysis and then modified for antibody binding to proteome arrays (86, 87) . For each ORF, an analysis of variance (ANOVA) comparing control sera with later LB sera was performed. In this analysis, the empirical sample variances are replaced with Bayes-regularized variance estimates. The Bayes-regularized variance is obtained by incorporating both the empirical sample variance and the variance of proteins with similar intensity levels (3, 4) . This analysis produced F scores and P values that were used to rank the ORFs (see Table S4 in the supplemental material). The log 10 of the F score correlated with the frequencies based on a cutoff of Ն3 SDs (R 2 ϭ 0.73 as determined by linear regression).
Identification of immunogens. We next identified the most informative of the ϳ200 immunogenic Orfs. Table 1 Several proteins that were known antigens and valuable for serodiagnosis were on the list. These proteins included FlaB (BB0147) (9, 45) , the P66 outer membrane protein (BB0603) (5, 16), OspA and OspB (BBA15 and BBA16) (48) , decorinbinding protein B (BBA25) (37, 46) , OspC (BBB19) (68, 96) , fibronectin-binding protein (BBK32) (71) , and VlsE (BBF33) (54, 56) . The other reactive Orfs that were previously reported to elicit antibodies during infections of humans or experimental animals were as follows: LA7 (BB0365) (53, 94) , the chaperonins DnaK (BB0518) and GroEL (BB0649) (58), FlgE (BB0283) (51), some Erp proteins (59, 85) , oligopeptide ABC transporters (OppA; BB0328, BB0329, BBA34, and BBB16) (25, 28, 65) , "S2 antigen" (BBA04) (36), the paralogous BBA64 and BBA66 proteins (65), RevA proteins (BBC10 and BBM27) (41, 65) , EppA/BapA (BBC06) (63), Mlp proteins (BBN28, BBQ35, and BBS30) (70) , and some Bdr proteins (99) .
There were several Orfs that previously either were not recognized as immunogens during infection or had received little attention. Notable among this group were the following: (i) the paralogous BBK07 and BBK12 lipoproteins; (ii) BBK19 and BBK53, two other lipoproteins encoded by plasmid lp36; (iii) several more flagellar apparatus proteins, including FliL (BB0279), FlaA (BB0668), and FlgG (BB0774); (iv) additional paralogous family (PF) 44 proteins (BBE09, BBK53, and BBQ04); (v) BB0260, BB0323, BB0543, and BB0751, hypothetical proteins encoded on the chromosome; (vi) BBA03, BBA07, BBA36, and BBA57, hypothetical proteins or lipoproteins uniquely encoded by lp54; and (vii) BBG18 and BBH06, unique hypothetical proteins encoded by other plasmids. On the list of new immunogens there were only a few chromosome-encoded Orfs that were homologous to proteins having established functions in other bacteria, such as the phosphate ABC transporter PstS (BB0215), pyruvate kinase (BB0348), a carboxy-terminal protease (BB0359, and a methyl-accepting chemotaxis protein (BB0681).
Whereas plasmid-encoded Orfs accounted for 536 (41%) of the 1,292 B31 Orfs on the array, 70 (69%) of the 102 immu- ). Fifty-nine (58%) Orfs, all but two of which were plasmid encoded, belonged to 1 of 26 PFs. Of a possible 174 Orfs that belong to 1 of these 26 PFs, 114 (66%) were included as amplicons on the array. The greatest representation was that of PF 80, which comprises the Bdr proteins; 12 (92%) of a possible 13 Orfs were on the list of 83 Orfs. These Orfs included high-ranking BBG33 and BBL27 proteins. Other PFs with three or more representatives on the list were the PFs containing the Erp proteins (PFs 162 to 164), oligopeptide ABC transporters (PF 37), Mlp proteins (PF 113), the "S2 antigen" and related proteins (PF 44), and a set of hypothetical proteins with unknown functions (PF 52).
For tabulation of the plasmid locations of the ORFs shown in Table 1 , we excluded pseudogenes and ORFs that were less than 300 nucleotides long (21) 
ORFs were (OR, 11.6 [95% confidence interval, 1.2 to 548]; P ϭ 0.03). The presence of plasmid lp36 has been associated in one study with infectivity or virulence in a mammalian host (49) , as has been the presence of lp25 in another study (72) , but only BBE09 of the 10 ORFs of lp25 were among the ORFs encoding immunogens.
Forty-eight (47%) of the 102 immunogens of strain B31 are lipoproteins as determined by prediction or empirical documentation. Of the 756 chromosome-encoded Orfs included in the array, only 32 (4%) are lipoproteins, but, as shown in Table  1 ). In addition to five documented outer membrane proteins (OspA, OspB, OspC, VlsE, and P66), the following three hypothetical proteins among the immunogens were predicted to localize to the outer membrane by the PSORT algorithm for double-membrane bacteria (40): BB0260, BB0751, and BB0811.
Stage of infection. In general, sera from early in infection reacted with fewer antigens per serum sample and antigens from a narrower list of antigens. For 20 (83%) of the 24 panel 1 early LB cases there was at least one Orf in Table 1 whose value exceeded the 3-SD cutoff. Of the four cases for which there was not at least one Orf whose value exceeded the 3-SD cutoff, three (75%) were seronegative as determined by ELISA and IgG and IgM Western blotting. Of the 20 cases of early infection for serum panel 2, 17 (85%) had at least one Orf whose value was Ն3 SDs. For the 37 samples with one or more reactive Orfs, the number of Orfs whose values were above the threshold ranged from 1 to 37, and the median number was five Orfs per sample. For the 84 antigens identified by the first analysis, the values for 69 (82%) were above the threshold for at least one of the early-infection sera (Table 1) . In most cases, the following 15 Orfs whose values fell below the cutoff with all early sera were also among the least prevalent Orfs for sera obtained later in disease: BB0408, BB0476, BB0751, BB0805, BB0844, BBA04, BBB09, BBB16, BBC10, BBJ24, BBK13, BBK53, BBN28, BBO40, and BBR12. The Orfs whose values exceeded the cutoff in at least 10 of the 37 samples were, in descending order, BBA25 (DbpB), BBB19 (OspC type A), BBB19 (OspC type K), BBK32 (fibronectin-binding protein), BBK12, BBG33 (BdrT), BBK07, and BB0279 (FliL).
Sera of the 10 patients with refractory Lyme arthritis were compared with sera of the 10 patients with arthritis that responded to antibiotic therapy. As determined by a t test and nonparametric rank test of log-transformed values, there was not a significant difference (P Ͼ 0.05) between the two groups for any of the 1,293 Orfs, including both OspC proteins.
White-footed mouse antibodies. Using the same batch of genome-wide arrays, we examined the reactions of sera from 10 P. leucopus mice that were captured in an area in which the level of B. burgdorferi infection of mice approached 100% by the end of the transmission season (18) . All 10 mice were seropositive as determined by the whole-cell assay and Western blot analysis (18) . These sera were compared with sera from four laboratory-reared P. leucopus mice. As described above, we calculated the number of SDs above or below the mean of the controls for each Orf and each mouse serum. Of the 103 Orfs shown in Table 1 , only 30 (29%) were not represented at least once among the Orfs with values of Ն3 SDs with P. leucopus sera. The highest frequencies (Ն7 of 10 sera) were those of the following Orfs, in alphabetical order: BB0279, BB0286, BB0844, BBA25, BBA36, BBA57, BBA64, BBB19 (OspC types A and K), BBF33, BBG33, BBK07, BBK12, BBK19, BBK32, BBL40, BBN39, BBO39, BBP39, BBQ34, and BBS41. Thirteen Orfs had frequencies of Ն5 among the 10 P. leucopus sera but were not among the high-ranking Orfs with human sera (Table 1) . These Orfs included two hypothetical proteins (BB0039 and BB0428), two members of PF 143 (BBP26 and BBS26), and the BBK50 protein, another lp36-encoded protein. But also represented among the high-ranking Orfs with P. leucopus sera were members of PFs, at least one of which was frequently recognized by human antibodies, including two additional PF 113 proteins, MlpH (BBL28) and MlpA (BBP28); another PF 164 protein, ErpK (BBM38); and an additional PF 54 protein, BBA73. Overall, there was considerable overlap in the sets of immunogens for humans and P. leucopus infected with B. burgdorferi.
Second array. To confirm the results described above, we produced a second array with 66 recombinant proteins selected from the 103 Orfs shown in Table 1 . The second array contained three additional proteins that were not cloned for the first array. Two of these, BB0383 (BmpA or P39 protein) and BB0744 (P83/100 protein), are among the 10 signal antigens for a commonly used criterion for Western blot interpretation (33) . The third additional ORF was BBA24 or decorin-binding protein A (DbpA). The smaller arrays were incubated with 12 later LB sera and three control sera from panel 1. Figure 2 shows the results in a two-color gradient format with an accompanying cluster analysis. BB0383 and BB0744 clustered with several other proteins that were frequently bound by antibodies of LB sera, including FlaB (BB0147), BB0279 (FliL), VlsE, and DbpB (BBA25). The patterns of reactivity with different patient and control sera were essentially the same for these antigens. This was demonstrated by correlations between the Orfs; for BB0383, the R 2 values for BB0279, BB0147, VlsE,
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zii00808/zii7452d08z xppws Sϭ1 5/31/08 4/C Fig: 2,3 and BBA25 were 0.90, 0.86, 0.70, and 0.58, respectively, and for BB0744, the corresponding R 2 values were 0.91, 0.81, 0.71, and 0.74, respectively. DbpA (BBA24), whose sequence is genetically more diverse than that of DbpB across strains (76), was less frequently reactive with the collection of patient sera than DbpB. Thus, addition of the P83/100, BmpA, or DbpA protein to the array provided little or no additional discriminatory power. Figure 2 also shows clustering of the Bdr proteins and the BBK07/BBK12 proteins but not of the two OspC proteins in terms of their patterns and intensities of reactivities with this set of sera. The relationship between clustering of Orfs and amino acid sequence identity was examined by plotting normalized values for individual panel 1 control, early LB, and later LB sera and for selected pairs of Orfs (Fig. 3) . There was high correlation between the paralogous proteins BBK07 and BBK12 and between two Bdr proteins, BBG33 and BBL27, in the serum antibody reactions. The data corresponded to amino acid sequence identities of 87 and 80%, respectively. In contrast, there were greater differences in the reactivities of sera with the two OspC proteins, even though the overall level of identity between them was close to that of the two Bdr proteins. Lower still was the correlation between two high-ranking proteins which are similar sizes but are not homologous, BBK07 and BBA25.
Purified proteins. We selected five Orfs for further investigation as purified recombinant proteins: BB0279 (FliL), BB0283 (FlgE), BBA25 (DbpB), BBG33 (BdrT), and BBK12. Western blot analyses were carried out with sera from 17 patients with later LB and five panel 1 controls (Fig. 4) . Binding that was noted in the array was confirmed by Western blotting; no bands were observed with the control sera. We then used different amounts of proteins BBA25, BBG33, BBK12, and BB283 over a 30-fold range in an array format and incubated the chips with the same patient and control sera (Fig. 5) . While for some proteins the binding by control sera increased with higher protein concentrations, the log-transformed raw values for patient sera changed little over the concentration range used, an indication that the absolute amount of protein in the spots of the high-throughput array over this range was not a major determinant of the amount of antibody binding as estimated by digitization of the signals for this study. When binding to in vitro-produced proteins on the array was compared to binding to different amounts of a purified protein for a given Orf for a standard curve, we estimated that the amounts of Orfs in the genome-wide array were 50 to 400 pg protein per spot.
While detection of antibody to an Orf was evidence of expression of the predicted polypeptide, this evidence was indirect. We used one of the purified proteins, BBK12, to immunize mice and thereby provide a reagent for more direct documentation of expression. This Orf was chosen because it and the product of a paralogous gene, BBK07, had not been previously reported to be immunogenic. In fact, there was little previous comment on either of these proteins beyond their annotation as hypothetical lipoproteins with unknown functions. Figure 6 shows a Western blot in which lysates of lowpassage or high-passage strain B31 were incubated with the anti-BBK12 antiserum or monoclonal antibodies to OspA (BBA15) or FlaB (BB0147). (Because of the probable antigenic cross-reactivity between BBK07 and BBK12, as the analysis shown in Fig. 3 suggests, we could not assume that the antiserum could easily distinguish between the two Orfs.) As expected, FlaB and OspA were expressed by both low-and zii00808/zii7452d08z xppws Sϭ1 5/31/08 4/C Fig: 2,3 ,5,7 Art: 0048-08
high-passage isolates of strain B31. In contrast, the BBK12 and/or BBK07 protein was detected in low-passage cells but not in high-passage cells. This experiment not only confirmed that there was expression of either BBK12 or BBK07 or both but also showed that loss of expression of these proteins was associated with high passage. Thus, one explanation for the previous lack of recognition of informative antigens, such as BBK07 and BBK12, was that higher-passage cell populations, which were often used as the basis of diagnostic assays, did not express the proteins, either because of plasmid loss or because of transcriptional or translational failure. How many antigens are sufficient? While our goal was not to establish a final set of antigens that in combination were specific for B. burgdorferi infection, this study did permit estimation of the minimum number of antigens that would be needed to achieve this goal. For this, we studied the discriminatory power of different sets of ORFs using receiver operating characteristic (ROC) curves, where the false-positive rate (1 Ϫ specificity) is the x axis and the true positive rate (sensitivity) is the y axis for different thresholds of the underlying classifier. The area under the curve (AUC) summarizes the results. An AUC of 1.0 indicates a perfect classifier, while an AUC of 0.51 (95% confidence interval, 0.38 to 0.64) is the expected value for a classifier that works by chance for the data set, as inferred by the method of Truchon and Bayly (89) . The log-transformed data for controls and later LB sera from both panels were used for this analysis. First, ROC curves were generated for single antigens to assess the ability to separate the control and disease. The Orf number is the rank based on the Bayes-regularized ANOVA F score (see Table S4 in the supplemental material). The top Orfs discriminate very well. The first nine Orfs all have an AUC of Ͼ0.95, and further down the rank, the ability diminishes. The 25th immunogen has an AUC of 0.90, the 50th immunogen has an AUC of 0.85, the 100th immuno- zii00808/zii7452d08z xppws Sϭ1 5/31/08 4/C Fig: 2,3 ,5,7 Art: 0048-08
gen has an AUC of 0.74, and the 165th Orf has an AUC of 0.65, which still exceeds the upper 95% confidence interval for random expectations for the AUC.
To extend the analysis to combinations of antigens, we used kernel methods and support vector machines, as described by Vapnik (92) , to build linear and nonlinear classifiers. Different kernels, including linear, polynomial, and radial basis function, were evaluated. Only the radial basis function kernel showed an increase in the AUC when noise was added, and accordingly, this kernel was chosen for subsequent simulations in which noise was introduced. For each data set, the support vector machines were tuned using a wide parameter sweep to achieve the best gamma and cost values. Results were validated with 10 runs of threefold cross-validation. As input to the classifier, we used the highest-ranking 2, 5, 25, and 45 Orfs on the basis of either Bayes-regularized ANOVA F scores or frequencies of later LB sera exceeding a 3-SD cutoff. The results of two ranking schemes were similar, and only the frequency ranking results are shown in Fig. 7 .
For the present data set, there were negligible differences in the ROC curves obtained using 2, 5, 25, or 45 antigens. The mean AUC values over the 10 validation runs were Ͼ0.98 for two antigens and a perfect 1.0 for five or more antigens. The unsurpassable performance in this experiment with relatively few antigens can be attributed to the high discrimination provided by the first several antigens on the list by themselves. In a realistic diagnostic setting with sera coming from various sources and backgrounds and with interoperator variances, one would expect some addition of noise in the data. To further examine how combinations of antigens increase the discriminatory power, we explored two different noise models and their effects on the classifiers. The noise model involves the addition FIG. 5 . Binding of antibodies in human LB sera to purified proteins on arrays. The plots are box-whisker plots of log-transformed intensity values for the binding of panel 1 sera from patients with later LB (n ϭ 17) or controls (n ϭ 5) with purified recombinant proteins encoded by ORFs BBA25, BBG33, BBK12, and BB283 at concentrations of 0.03 mg/ml (red), 0.1 mg/ml (light blue), 0.3 (yellow), and 0.9 mg/ml (dark blue). Each box indicates the first and third quartiles, and the line inside the box is the median. The 1.5ϫ interquartile range is indicated by the vertical line bisecting the box, and values outside this range are indicated by asterisks and by circles. Table S4 in the supplemental material). The solid lines indicate the average with standard error over cross-validation runs calculated at stepped (1 Ϫ specificity) points. The error bars indicate 95% confidence intervals. The dotted lines indicate the performance for each of 10 threefold crossvalidation iterations.
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of uniform Gaussian noise. Each point (u) in the data set has some noise added such that uЈ ϭ u ϩ N( ϭ 0, 2 ϭ s), where s is constant across the whole data set. Noise levels are generated by scaling s. In general, using more antigens in the classifier increases resistance of the simulated assay to noise. All of the classifiers discriminate very well with low noise levels. For the two-antigen classifier, the AUC dropped to the value expected by chance by the time noise was at a scale of 75. The five-antigen classifier value dropped to 0.6 with a noise level of 150. The 25-and 45-antigen classifiers still performed relatively well, with mean AUC values of 0.74 and 0.71, respectively. Hence, based on the criteria of high predictive value and robustness in the face of increasing noise, 25 antigens were as informative as 45 antigens.
DISCUSSION
The genome-wide protein array for B. burgdorferi allowed comparison of far more proteins than could be compared previously with one-dimensional Western blots (8, 24, 33) . While comparable numbers of proteins for analysis might theoretically be obtained with two-dimensional electrophoresis (66) , scarce immunogens in the lysates would be overlooked. Moreover, unless the microbe's cells were taken directly from an infected animal, informative antigens that were expressed only in vivo would be not be included from samples subjected to electrophoresis. Our study of natural infections of humans and white-footed mice with B. burgdorferi followed genome-wide array analyses of antibody responses to poxvirus infections in humans immunized with a smallpox vaccine and to F. tularensis infections in experimental animals (29, 35, 87) and ELISA format studies of T. pallidum ORFs (11, 61). The major emphasis of the previous studies was identification of immunogens after immunization with whole microbes or during infection. We had the same goal for our study of natural infections that occurred in two very different ecological settings: (i) patients with different stages of Lyme disease, including the arthritis in later disease, and (ii) white-footed mice, which are a major reservoir host of B. burgdorferi in the United States and in which infection is nearly universal in enzootic areas. As discussed below, the goal of discovery of new antigens was met: several new immunogens were identified among the Orfs of B. burgdorferi.
Of equal interest was a second question: how many of the predicted proteins of this pathogen elicit an antibody response during natural infection? For this, we were concerned with the set of proteins that were not demonstrably immunogenic. Only by including most of a genome's ORFs in the experiment could one address this question, which as a general principle is relevant to many other infectious diseases. Important for hypothesis testing for this second goal was the likelihood of false negatives or type II errors. If minimizing false positives or type I errors (i.e., inaccurately identifying an Orf as an immunogen) was the experimental design challenge for the first goal, then minimizing false negatives (i.e., overlooking Orfs that were truly immunogenic) was the challenge for the second goal. In the present study, type II errors could happen for several reasons.
Indisputably, failure to amplify, clone, and then express a given ORF would lead us to miss an Orf that was actually immunogenic. Of the ϳ20% of the Orfs that were absent from the array, undoubtedly some elicit antibody responses during infection. But in many of these cases, the missing Orf was a member of a PF, at least one member of which was represented in the array. Other ORFs were not included because they had characteristics of pseudogenes. Taking these considerations into account, we estimated that at least 90% of the nonredundant ORFs that were true genes were included in the array analysis. When called for, we successfully amplified some missing ORFs in reattempts using either the original primers or modifications of the primers. In these instances, addition of the antigens missing from first array to a second array did not materially change the results. This suggests that returns diminish as further efforts to fully constitute the array consume greater resources.
Another basis for type II errors would be posttranslational modifications that are important for antibody recognition that occur in B. burgdorferi but not in E. coli. While we cannot rule out a limitation to the study for this reason, there is no evidence or only scant evidence that glycosylation or a similar posttranslational modification affects antigenicity in Borrelia spp. The most prevalent protein modification in Borrelia spp. appears to be the addition of a lipid moiety to the N terminus of the processed proteins in a fashion typical of many types of bacteria. While E. coli cells are capable of carrying out this lipidation function for recombinant Borrelia proteins, this activity did not occur in the acellular transcription-translation reactions used here. This indicates that the significantly greater representation of lipoproteins among immunogens than that expected based on a lipoprotein's size among all Orfs was not attributable to antibodies to the lipid moieties themselves. Instead, the comparatively greater immunogenicity of lipoproteins may be a consequence of the mitogenicity and adjuvantlike qualities of bacterial lipopeptides.
For the 1,292 B31 ORFs that were successfully amplified, cloned, and expressed, some of the products may have been overlooked as immunogens because their epitopes are conformational and proper folding was not achieved in the in vitro reaction or subsequently when the polypeptide was printed. We cannot rule this possibility out. But the correct calls for the well-established antigens included in the array, such as OspC, FlaB, P66, P83/100, BmpA, fibronectin-binding protein, and VlsE, among others, as "immunogens" indicate that there were few instances of type II errors on the basis of loss of conformational epitopes or some other artifact of the procedures.
Another limitation of the study, at least in the case of the human sera, was the restriction of secondary antibodies to antibodies that were specific for IgG. By failing to account for IgM antibody binding, we may have underestimated the total number instances in which the Orfs were recognized by antibodies during early infection. However, we do not suspect that this effect was great if it occurred at all. There was no instance of an Orf that was recognized by antibodies in sera from early infection and not by antibodies obtained later in the disease. Our rationale for limiting antibody detection to IgG was the generally poorer specificity of IgM-based assays for Lyme disease (34, 91) . We recognize the importance of eventually evaluating antigens for their predictive value with IgM as well as IgG antibodies, but the focus here was on identification of immunogens with the greatest informative value (that is, with high specificity as well as sensitivity).
Notwithstanding the actual and theoretical limitations of the study, we concluded that the array results were not confined to identification of new immunogens but could also be used to gauge the proportion of proteins that are not immunogens. As far as we know, this perspective on immune responses during natural infection is unique among studies of proteomes of bacteria, fungi, or parasites. By taking this perspective, we estimated that the number of Orfs that elicited antibodies in at least some individuals that were infected was about 200, or ϳ15% of the 1,292 Orfs subjected to analysis with two panels of sera representing different stages of infection. Three types of data supported this conclusion: the magnitude of sign differences between pairs of LB patient sera with control sera (see Table A1 in the Appendix), the number of Orfs with corrected, regularized P values Ͻ 0.01, and number of Orfs with areas under the ROC curve that exceeded the upper confidence limit for random expectations (see Table S4 in the supplemental material). Of this larger set of immunogens, ϳ100 were broadly enough reactive across several LB serum samples that they could be used to distinguish groups of infected individuals from groups of controls. This interpretation also seemed to hold true for white-footed mice, which generally recognized the same subset of proteins as humans. The absolute number of distinct (i.e., non-cross-reactive) antigens is probably less than the first accounting suggested, because of the heavy representation of proteins in PFs on the immunogen list ( Table 1) . The several Bdr proteins on the list could probably be replaced in an array by one or two Bdr proteins with no loss of sensitivity.
The question of the minimal set of antigens necessary for discrimination between sera from patients and sera from controls was also addressed by the ROC curve analysis (Fig. 7) . The introduction of increasing levels of noise provided a rough simulation of applying an assay in practice (that is, in different locations, at different times, and with different operators). It also allowed assessment of the effect of different amounts of heterogeneity in the total population. By this measure, 25 antigens provided more robustness in the face of increasing noise than 2 or 5 antigens, while expansion of the set to 45 antigens provided marginal if any advantage over 25 antigens. Whether the minimal set can be further reduced within the range from 5 to 25 antigens remains to be determined by testing the various criteria with new serum panels.
To sum up, we estimated that proteins that detectably elicit antibodies during natural infection constitute about 15% of the polypeptides that might be expressed. Incorporation of Յ2% of the total Orfs in an assay appears to be sufficient to provide high levels of sensitivity and specificity. Our attention now turns to what the high-value immunogens are. In the course of this study, we discovered several protein antigens of B. burgdorferi that have promise for serodiagnosis of LB but which were unappreciated as immunogens during infection. These previously unknown antigens appear to be as informative as other proteins, such as FlaB, OspC, P66, BmpA, and VlsE, that have established value for LB serodiagnosis. In addition, in this study we also "rediscovered" several other proteins that may have been observed in a limited number of studies to be immunogenic in either natural or experimental infections but whose value had not been confirmed or which had not been further developed. Among these are the Bdr proteins.
We compared the list of immunogenic proteins identified by proteome array analysis with lists of genes that were more highly expressed under various conditions simulating infection in the natural hosts and were reported by Revel (88) . The concurrence between the proteome list and the four DNA array lists was greatest for the study of Revel et al., and accordingly, this study was the study used for comparison. Revel et al. employed three experimental conditions: (i) 23°C and pH 7.4 in broth medium, which represented the environment in the unfed tick; (ii) 37°C and pH 6.8 in broth medium, which represented the environment in ticks as they are feeding on a host and transmitting B. burgdorferi; and (iii) a dialysis chamber in the peritoneum of rats. Of the 79 Orfs that showed a Ն2-fold increase in mRNA under fed-tick conditions in comparison to unfed-tick conditions, the following 23 (29%) were among the high-ranking immunogens: BB0323, BB0329, BB0365, BB0668, BB0681, BB0844, BBA03, BBA07, BBA25, BBA34, BBA36, BBA66, BBB19, BBI42, BBK07, BBK13, BBK32, BBK53, BBL40, BBM27, BBO40, BBP39, and BBQ03. Four of these Orfs are encoded by the lp36 plasmid. Among the 19 Orfs whose expression was found by Revel et al. to significantly increase in dialysis chambers in comparison to conditions mimicking unfed ticks, 5 (26%) were on the antigen list. The only three Orfs whose expression decreased under conditions associated with mammalian infection were BBA15 (OspA) and BBA16 (OspB), whose expression was known to decrease in the fed ticks and during early infections in mammals (32, 80, 81) , and BB0385 (BmpD). Thus, there was an association between the upregulation of genes in the fed ticks and mammals and the immunogenicity of the gene products in infected humans.
Western blots of two-dimensional electrophoresis gels provide greater resolution than one-dimensional gels and allow detection of less abundant immunogens in lysates. Nowalk et al. performed such an proteomic analysis with the same samples that constituted serum panel 1 (66) . Fifteen of the 21 proteins identified by Nowalk et al. as immunogens were also high-ranking Orfs in the present study. These proteins include four Erp proteins (BBL39, BBL40, BBN38, and BBP39), three oligopeptide ABC transporters belonging to PF 37 (BB0328, BB0329, and BBB16), two PF 54 proteins (BBA64 and BBA66), a RevA protein (BBM27), and the unique hypothetical protein BBA03, as well as the established antigens BB0147 (FlaB), BB0365 (LA7), BB0603 (P66), and BBA15 (OspA).
The large number of proteins newly identified as immunogenic precludes discussion of each of them in depth here. Instead, we limit our remarks to the Bdr proteins (PF 113), flagellar apparatus proteins, and BBK07 and BBK12, the two members of PF 59. Of all the PF proteins, the Bdr proteins were the most prevalent among the Orfs shown in Table 1 . We previously reported that LB patients, but not controls, had antibodies to some of the Bdr proteins (99) , but in that study we did not include BdrT (BBG33), the highest-ranked Bdr protein here. While proteins in PFs tend in general to be more immunogenic than other non-PF Orfs, if only because of their multiple versions in a cell, the Bdr proteins may be doubly immunogenic because they have intramolecular repeats as well (98) . The number of copies of the peptide TKIDWVEKN LQKD or a variation of this peptide in a Bdr sequence determines the size of the protein. The BBG33 protein, which is 266 amino acids long, is the largest Bdr protein encoded by the B31 genome. Most of the other Bdr proteins are less than 200 residues long. If the internal repeats are immunodominant epitopes, then BdrT would display more of these repeats for the binding of antibodies than other Bdr proteins and, consequently, generate higher spot intensities. The coefficient for BBL27 regressed on BBG33 is 0.86, and the y intercept is Ϫ0.29 ( Fig. 3) , an indication of lower levels of binding across all sera to the shorter Bdr. BdrT, also called BdrF2, has been reported to be upregulated in "host-adapted" B. burgdorferi and to be specifically expressed during early infection in mice (75, 97) .
This study revealed that several flagellar apparatus proteins besides FlaB flagellin (BB0147), the FlgE hook protein (BB0283), and the FlaA protein (BB0668) (42, 51, 69, 77) elicit antibody responses during infection. Brinkmann et al. found that FlgE of T. pallidum was frequently bound by antibodies in sera from patients with syphilis (11) . FliL (BB0279) stood out among this larger group of flagellar antigens because of the frequency with which it was recognized by both human and white-footed mouse serum. Indeed, the field mice had antibody to FliL more frequently than they had antibody to FlaB, the long-standing flagellar antigen of choice for diagnosis. FliL has 178 residues and is the flagellar basal body-associated protein, which as an inner membrane protein interacts with the cytoplasmic ring of the basal body of the flagellum apparatus. Among all organisms, the most similar proteins outside the genus Borrelia are the FliL proteins of T. pallidum, Treponema denticola, and Leptospira interrogans, but the sequence identities with the proteins of these other spirochete species are less than 35%. In comparison, the FlaB protein of B. burgdorferi is 40% identical to the homologous flagellin proteins of Treponema spp. As a component of an immunoassay, FliL may show less antigenic cross-reactivity with the homologous proteins of other bacteria than has been the case with FlaB (59, 73) .
Of all the newly identified Orfs, we paid most attention to BBK07 and BBK12. As determined by stringent criteria, these are predicted lipoproteins, and although the amino acid sequences are 88% identical, the ORFs are located several ORFs apart in the left arm of the lp36 plasmid. Comparison of the BBK07 and BBK12 gene sequences of strain B31 with the sequences of two other strains, 297 and N40, revealed Ͼ98% sequence identity between the strains for these sequences, an indication that a single example of each could be used to detect antibodies to other strains of B. burgdorferi. Although BBK12 and, by inference, BBK07 are expressed by cells cultivated in the laboratory (Fig. 6) , neither had previously been identified as an antigen. This may be attributable in part to the tendency of the lp36 plasmid to be lost sooner than other plasmids from B. burgdorferi during serial cultivation (7, 72, 79) ; thus, this plasmid may have frequently been absent from the lysates that investigators used for Western blotting and other fractionations in pursuit of diagnostic antigens. But another reason why BBK12 and BBK07 may have been overlooked is that these genes appear to be unique to B. burgdorferi. They have not been found to date in the two other major Lyme disease agents: Borrelia afzelii and Borrelia garinii. Using a DNA array comprising various lipoprotein genes of B. burgdorferi, Liang et al. did not find evidence of the BBK07 and BBK12 genes in either B. afzelii or B. garinii (55) . Glockner et al. reported that they "did not find counterparts of the B. burgdorferi plasmids lp36 and lp38 or their respective gene repertoire in the B. garinii genome" (43) . Our searches of all deposited GenBank sequences of B. garinii and B. afzelii, including two genomes of each species, likewise did not reveal a PF 59 ortholog. As determined by our analysis, the lp34 plasmid of B. afzelii has orthologs of B. burgdorferi ORFs in the order BBK01-BBK13-BBK15-BBK17-BBK21-BBK22-BBK23-BBK24, but BBK07 and BBK12 are absent from this and other replicons. If this genetic difference between LB species is confirmed, it suggests that BBK07 or BBK12 can be used in serological assays to distinguish B. burgdorferi infections from B. afzelii and B. garinii infections. These genetic distinctions between lineages may also provide insight into differences in pathogenesis and clinical manifestations between LB species.
APPENDIX
Estimation of the number of immunogenic Orfs. We assessed the size of the set of proteins that were immunogenic in B. burgdorferi infections by examining the relative amounts of binding for antibodies in panel 1 serum specimens and each of the 1,292 strain B31 Orfs. To do this, we determined the sign for each possible pair of sera in the panel. The member of a pair that had the higher intensity value for a given Orf was assigned a value of "1," and the pair member with lower reactivity was assigned a value of "0." As a hypothetical example, if serum a had an intensity value of 3,246 for Orf x and serum b had a value of 1,711 for Orf x, then serum a was assigned a value of "1" and serum b was assigned a value of "0" for the pairwise comparison in the matrix. zii00808/zii7452d08z xppws Sϭ1 5/31/08 4/C Fig: 2,3 ,5,7 Art: 0048-08
The complete pairwise results are shown in Table S3 in the supplemental material. Under the null hypothesis, a given serum sample would have the higher value of the pair in one-half of the comparisons, or 646 comparisons in this case. This was observed when controls were compared to controls, early-infection sera were compared to early-infection sera, and laterinfection sera were compared to later-infection sera; the observed mean values were 646 (95% confidence interval, 482 to 810), 646 (95% confidence interval, 524 to 768), and 646 (95% confidence interval, 505 to 787), respectively. In contrast to these results for within-group pairs were the results for between-group pairs, e.g., a control serum and an LB serum. Table A1 summarizes the intergroup comparisons. Excess binding in the range from 100 to 200 Orfs was also observed with later-infection sera compared to early-infection sera. From these results, we estimated that the upper limit for immunogenic Orfs during human infection was ϳ200, or ϳ15% of the 1,292 strain B31 Orfs on the array.
Simulation to establish a cutoff frequency. The mean and SD for each Orf with all control serum samples in each panel were determined. Then, for each Orf and for every serum sample in each panel, the number of SDs above or below the mean for the control sera in the same serum panel for the Orf in question was determined for normalization. For each sample all the Orfs that had array spots with values that were Ն3 SDs above the mean for the negative controls in the experiment for the given Orf were tabulated and summed. The frequencies of each Orf that appeared in this cumulative list were then determined. To provide an exact test of the significance of the counts that were obtained, we randomized the linkages of a given normalized value and an Orf and then likewise counted the times that an Orf was associated by chance with an SD that was Ն3 above the controls. This gave an estimate of the distribution under random conditions. Four replicates were performed, and the means were used to provide a distribution under the null hypothesis of random association between SD and Orf. Figure A1 shows the means and confidence intervals for the four replicates, i.e., what was expected under random expectations. This is compared to what we observed with 39 sera from patients with later LB. (Frequency histograms of these distributions are shown in Fig. S1 in the supplemental material.) FIG . A1. Comparison of observed results with expected results from simulations: counts of Orfs in arrays with LB sera that were Ն3 SDs above the mean of control sera one or more times. Results for 39 panel 1 and 2 sera from patients with later LB are compared with mean counts (with 95% confidence intervals) for four simulation runs with random linkages. The numbers of Orfs that exceeded the 3-SD cutoff one to seven times are indicated next to the corresponding symbols for the random linkage simulation.
